Laser-diode heterostructures of InGaAlN containing a third-order diffraction grating for distributed optical feedback have been examined with transmission electron microscopy ͑TEM͒ and scanning electron microscopy ͑SEM͒. The grating was defined holographically and etched by chemically assisted ion-beam etching into the upper GaN confinement layer of the laser structure. After the etch step, it was overgrown with an Al 0.08 Ga 0.92 N upper cladding layer. Threading dislocations were present that initiated at the sapphire substrate, but no new dislocations were observed at the grating/Al 0.08 Ga 0.92 N interface. A comparison of TEM and SEM micrographs reveals that there is a compositional gradient in the AlGaN upper cladding layer; however, calculations show that it did not reduce the optical coupling coefficient of the grating.
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Within the last couple of years, research on semiconductor lasers with emission wavelengths around 400 nm has received a great deal of attention. Recent milestones in the development of nitride-based light emitters have been the demonstration of high-brightness blue/green light emitting diodes and both pulsed and continuous-wave laser operation at room temperature. [1] [2] [3] [4] [5] Mainly for the purpose of overcoming difficulties in high-quality mirror fabrication, but also in order to improve mode selection and wavelength stability, distributed feedback ͑DFB͒ blue lasers have been demonstrated recently. 6 Etching and regrowth of the grating, which typically completes the device structure, is a major obstacle for the fabrication of DFB lasers in material systems other than the nitrides. The strong chemical bonds between gallium and nitrogen result in a very stable and chemically inert surface, compared to GaAs materials for example, where oxides are readily formed on the surface.
In this letter, we present a structural evaluation of a third-order diffraction grating from InGaN/GaN-based DFB lasers. The grating was defined by holography and etched into the GaN upper confinement layer by chemically assisted ion-beam etching ͑CAIBE͒. After etching, it was overgrown with an Al 0.08 Ga 0.92 N upper cladding layer and a GaN contact layer. We compare scanning electron microscopy ͑SEM͒ and transmission electron microscopy ͑TEM͒ cross sections of the grating before and after overgrowth. Based on these observations, we estimate how an effective alteration of the grating profile due to a compositional gradient might affect the grating's coupling coefficient and thus the threshold gain of the laser.
The fabrication of these devices relied on growing a 4 m thick n-type GaN:Si layer on C-face sapphire. On top of this layer, we grew a 500 nm thick, n-type Al 0.08 Ga 0.92 N:Si lower cladding layer, a 100 nm thick n-type GaN:Si lower waveguiding layer, an active region with five 3.5 nm thick In 0.1 Ga 0.9 N quantum wells and 9.0 nm thick GaN barriers, and a 180 nm thick p-type GaN:Mg upper waveguiding layer. More details about growth conditions and doping levels can be found in Ref. 5 . The thicknesses of the layers in the active region were determined by TEM. The third-order grating with a period of 240 nm was then defined by a holographic exposure with a single-mode HeCd laser at an emission wavelength of 325 nm. Next, we transferred the grating into the GaN upper waveguiding layer with CAIBE. The grating depth was approximately 85 nm, which theoretically results in a coupling coefficient of 50-100 cm Ϫ1 for a rectangular grating. Figure 1 shows an SEM cross section of the grating before regrowth. The tooth shape is a symmetric trapezoid with 70°sidewall angle, a slightly rounded top, and approximately 2:3 line to space ratio. The bottom of the grating looks flat with a slight slope in the areas close to the sidewall, the sloped bottom being an etching artifact. The composition of the lower AlGaN cladding layer was measured by x-ray diffraction ͑XRD͒ with the AlGaN ͑0006͒ reflection. The position of the peak corresponded to an Al mole fraction of 8.2%, by assuming a relaxed alloy, and had a full width at half maximum ͑FWHM͒ of 5.4 arcmin. The width of the AlGaN peak was found to be slightly broader than the width of the GaN ͑0006͒ peak ͑4.9 min͒, which indicates that either strain or small composition variations are present in the AlGaN layer.
Next, we proceeded with an epitaxial regrowth to complete the device structure. Letters 73, 2706 Letters 73, -2708 Letters 73, , 1998 which should be used for any reference to this work curve for the full device structure after overgrowth is presented in Fig. 2 . The width of the AlGaN peak ͑5.6 arcmin͒ and the position of the peak do not change significantly after the regrowth, which shows that the two AlGaN layers have nearly identical Al content. In addition, no change was observed in the intensity or width of the zeroth-, first-, and second-order superlattice peaks corresponding to the InGaN/ GaN multiquantum wells, which indicates that they were structurally similar after regrowth. From the position of the InGaN zeroth-order peak and the period of the superlattice peaks, we obtained a value of 10% In for the InGaN alloy composition of the quantum wells. This value was obtained by taking into account that the InGaN layers are pseudomorphically strained as discussed recently. 7 The period of the superlattice peaks ͑12.4 nm͒ in the XRD spectrum corresponds very well to the total well and barrier thickness as determined from TEM.
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Cross-sectional TEM images of the overgrown grating, taken near the ͗112 គ 0͘ zone, are shown in Fig. 3 . Dislocations with components of their burgers vectors parallel or perpendicular to the interface are shown in Fig. 3͑a͒ (g ϭ0002) and 3͑b͒ (gϭ101 គ 0), respectively. The imaging conditions in Fig. 3͑a͒ also show the contrast in the layers due to the difference in atomic number. In this image, the AlGaN, GaN, and multiquantum well layers were identified by both the contrast difference and by x-ray chemical analysis in the TEM. Therefore, the position of the grating could be determined and compared in both of the images. Note the slightly higher magnification ͑two grating periods͒ used in Fig. 3͑a͒ to reveal composition details in the region around the grating. The lower magnification image in Fig. 3͑b͒ represents an area that covers four grating periods. In both images, only threading dislocations are observed that initiated at the GaN/substrate interface. No additional dislocations could be found at the interface between the grooved GaN waveguide layer and the upper AlGaN cladding layer. This is very different from overgrowths made with InGaAsP/InPbased infrared DFB lasers, for example, where the grooved interface serves as starting point for numerous dislocations. 8 An additional fringe contrast is observed in the area of the grating ͓Fig. 3͑a͔͒ which will be discussed below.
Although the TEM and SEM specimens were prepared from adjacent areas of the device, the two microscopies revealed a different shape of the grating teeth. In the TEM picture in Fig. 3͑a͒ , the grating does not appear flat bottomed. By choosing different imaging conditions, we were able to observe the as-etched grating profile, as indicated by the arrows; but the contrast was very low. On the other hand, there were several fringes with a relatively high contrast above of the grating. As shown in the schematic drawing of Fig. 4 , these fringes most likely represent a compositional gradient in the overgrown AlGaN layer. This phenomenon is similar to what has been observed in the growth of AlGaAs/ GaAs quantum wire lasers, 9, 10 where Ga-rich and Al-rich superlattices spontaneously form along the sidewalls of Vgrooves due to the lower surface mobility of Al atoms as compared to Ga atoms. Likewise, we can expect the formation of a Ga-rich AlGaN alloy in the GaN grooves present in our samples. However, as growth proceeds, the surface becomes planar, leading to less severe segregation effects.
Since a compositional gradient could also affect the grating coupling coefficient, , we estimated from experimental data and compared it with results from a numerical analysis. The following formula is the amplitude equality condition which can be solved for the net threshold gain, ␥ th ͑Ref. 11͒. 
This formula describes the relation between net threshold gain, coupling coefficient, , and cavity length, L. The parameter m is the order of the mode and usually can be set at mϭ0. The experimental value for was determined specifically by comparing threshold current densities of DFB lasers with different cavity lengths and assuming an absorption and scattering loss value which was measured independently on a set of Fabry-Perot lasers with different cavity lengths and mirror coatings. 12, 13 From this measurement, we found that the total scattering and absorption loss is on the order of 40-50 cm
Ϫ1
. This number was added to the net threshold gain in order to obtain threshold gain values. Further assuming a linear relationship between optical gain and current density allowed us to fit threshold current densities of DFB lasers as a function of inverse cavity length with the coupling coefficient being a fit parameter. This procedure yielded ϭ4 -8 cm Ϫ1 . The numerical analysis is based on Ref. 10 as well; it takes into account the shape of the grating teeth and the overlap of the optical mode with the grating layer according to the formula
which contains the effective index difference of the corrugated interface, ⌬n 2 (x). For flat-bottomed gratings, ⌬n 2 (x) is defined via In Eq. ͑2͒, E y (x) is the electric field distribution in the vertical direction, ⑀ 0 represents the dielectric constant, is the frequency of the propagating wave, and a l the lth Fourier component of the tooth shape function. This calculation resulted in a value of 5 cm Ϫ1 , which is well within the range determined experimentally. Thus, there is no strong reason to believe that the grating strength is adversely affected by the compositional gradient we observed in the TEM study. By changing the sidewall angle of the individual grating teeth and preventing rounding of the profile, it should be possible to increase the grating coupling coefficient significantly and achieve a lower threshold current density for DFB lasers in this material system.
In conclusion, we have presented SEM and TEM micrographs along with x-ray data of third-order diffraction gratings in InGaN/GaN-based DFB lasers. We find that the tooth shape appeared different in the TEM versus SEM pictures because of a compositional gradient at the GaN/AlGaN interface, which caused much higher fringe contrast than obtainable from the actual GaN/AlGaN interface. Since such a compositional nonuniformity might affect DFB laser performance, we also compared numerically calculated and experimentally based values for the grating coupling coefficient, which indicated that the coupling coefficient is not significantly reduced by this compositional nonuniformity.
